In order to clarify the Au-anchor site in phosphate-doped Al2O3 and investigate the mechanism of Au-stabilization by phosphate, density functional theory (DFT) calculations were carried out. We calculated Au atom adsorption onto three model surfaces, such as sAl2O3 (a stoichiometric Al2O3 surface), fPO-Al2O3 (an Al2O3 surface fully covered by phosphate), and pPO-Al2O3 (an Al2O3 surface partially covered by phosphate). The calculated results showed that the order of stability for Au atom adsorption onto these three model surfaces is Au/fPO-Al2O3 > Au/pPO-Al2O3 > Au/sAl2O3. When Au atom adsorbs to a phosphate-phosphate bridge site of fPO-Al2O3 surface, the stabilization of Au adsorption onto the surface is especially large (the adsorption energy of Au is −3.16 eV). This high stability of Au at the phosphate-phosphate bridge site is due to negative charge transfer from Au to Al2O3 surface, which makes Au-O bond more stable. Hence, we have concluded that "phosphate-phosphate bridge sites" anchor Au.
INTRODUCTION
The chemical nature of nanosized Au is completely different from that of bulk Au. The bulk Au is inert and inactive, whereas the nanosized Au on select support shows high activities for many catalytic reactions [1, 2] . The catalytic activities of the nanosized Au are numerous; e.g., CO oxidization below room temperature [1] [2] [3] , water gas shift reaction [1, 4] , propylene epoxidation [1, 5, 6] , selective oxidization of glucose [1, 7] , selective hydrogenation of unsaturated aldehyde [1, 8] , and one-pot synthesis of azobenzene from nitrobenzene [1, 9] , etc. [1] In the field of Au catalysts, many researchers are interested in hetero-junctions between Au and supports (metal oxides, polymers and zeolites) because the hetero-junction sites are regarded as active sites of Au catalysts [1, 6, 10] . However, Au catalysts prepared by impregnation method, which is typically used to prepare heterogeneous catalysts, only show poor catalytic activities for several reactions * This paper was presented at the 7th International Symposium on Surface Science, Shimane Prefectural Convention Center (Kunibiki Messe), Matsue, Japan, November 2-6, 2014. † Corresponding author: ktada@chem.sci.osaka-u.ac.jp [1, 2] . This is due to the low dispersion of Au particles on the support surfaces. Special techniques (deposition precipitation [2, 11] , co-precipitation [3] , gas phase grafiting [12] , etc. [1] ) are required to support nanosized Au onto supports. Nevertheless, even Au catalysts prepared by special techniques, the thermal stability is low and nanosized Au on metal oxides are easily sintered [13, 14] . Therefore, the anchor site which fixes nanosized Au is necessary for high catalytic activities and high thermal stability of Au catalyst. In this point of view, Qi and co-workers showed that a phosphate-doped Al 2 O 3 surface fixes nanosized Au [14] . The phosphate-doped Au/Al 2 O 3 catalysts showed CO oxidization activity at room temperature even after 40h of calcination at 873 K. On the other hand, Machida and co-workers revealed that Rh nanoparticles on AlPO 4 surface are much more thermally stable than those on other metal oxides [15, 16] phosphate.
II. METHOD AND MODELS
Density functional theory (DFT) calculations were carried out. GGA-PBE [17] functional was used as exchangecorrelation functional. Basis set was plane-wave basis with ultrasoft pseudo-potential [18] . The number of valence electrons of O, Al, P, and Au were 6, 3, 5, and 11, respectively. The energy cut-off were 36 Ry (wave function) and 225 Ry (charge). The vacuum region was over 25 Bohr, and bottom 4 atomic layers were fixed to mimic bulk structure. 2 × 2 × 1 Monkhorst k-point mesh [19] was applied. All DFT calculations were spin polarized. Dipole correction [20] was applied to optimized structures. All calculations were performed by program code STATE (Simulation Tool for Atom TEchnology) [21] . Geometry visualization was carried out by VESTA (Visualization for Electronic and STructural Analysis) [22] .
A stoichiometric α-Al 2 O 3 (0001) surface was adopted as a clean Al 2 O 3 surface in which there is no phosphate. Qi et al. adopted γ-Al 2 O 3 as a support. This is because γ-Al 2 O 3 have higher specific surface area than α-Al 2 O 3 . The interaction between Au n (n = 1-6) clusters and stoichiometric α-or γ-Al 2 O 3 surface were investigated in detail by Rösch and co-workers [23] . They showed that although there is not much difference be- (Figs. 1(e) and 1(f) ). The model surface is abbreviated as pPO-Al 2 O 3 in the following. The pPOAl 2 O 3 structure depicted in Figs. 1(e) and 1(f) was the stable structure after geometry optimization.
III. RESULTS AND DISCUSSIONS
All conceivable structures of Au/sAl 2 O 3 , Au/fPOAl 2 O 3 , and Au/pPO-Al 2 O 3 were calculated. Figure 2 shows most stable structures and adsorption energies E ads 's of Au/sAl 2 O 3 , Au/fPO-Al 2 O 3 , and Au/pPOAl 2 O 3 . The adsorption energy E ads was estimated by Eq. (1): was total energy of a Au atom before adsorption, and E(surf.) was total energy of model surface before Au adsorption.
At first, we considered Au/sAl 2 O 3 model system. The calculation results showed that the most stable adsorption site was an O 2nd on-top when Au adsorbed onto sAl 2 O 3 , and the E ads was −0.82 eV (Fig. 2(a) (Fig. 2(b) ), Au adsorbed to the phosphate-phosphate bridge site. The calculated E ads (−3.16 eV) was larger than E bnd (Au 2 ) which was the bonding energy of Au 2 (−2.35 eV). E bnd (Au 2 ) was calculated by Eq. (2):
E(Au 2 ) and E(Au) in the Eq. (2) (2) It is quite difficult to disperse Au atoms onto metal oxide surfaces chemically. On the other words, Au precursors have a tendency to aggregate into small clusters before calcination. In conclusion, if all the Al 2 O 3 surface area covered with phosphate groups homogeneously and gold were also dispersed onto surface atomically, the atomically dispersed Au catalysts could be prepared.
In order to clarify the high stability of Au at the phosphate-phosphate bridge site, we calculated PDOS of Au and O PO in the most stable Au/fPO-Al 2 O 3 . As shown in the PDOS results, the highest occupied orbital level of Au/fPO-Al 2 O 3 (Fig. 4) was lower than that of Au/sAl 2 O 3 (Fig. 3) . Moreover, PDOS of Au/fPOAl 2 O 3 (Fig. 4) (Fig. 2(c) These results and discussions indicate that the "phosphate-phosphate bridge site" in fPO-Al 2 O 3 is able to anchor Au, whereas the isolated phosphate group in pPO-Al 2 O 3 is unable to anchor Au. We thus conclude that "phosphate-phosphate bridge site" is the Au-anchor site in phosphate-doped Al 2 O 3 .
